The present in-vitro study used 
Introduction
Clinical observations ͓1-4͔ have demonstrated that mechanical loading on the skeleton affects bone homeostasis, a process that requires a balance between bone formation by osteoblasts and bone resorption by osteoclasts. Removal of loading on the skeleton due, for example, to extended periods of bed rest and spaceflights leads to decreased bone mineral density in healthy human subjects ͓1,2͔. In contrast, increased high-impact loading on the skeleton leads to increased bone mass ͓3,4͔. Despite the surmounting in-vivo evidence to indicate correlations between mechanical loading and bone homeostasis, the underlying cellular and molecular mechanisms of these events are yet to be elucidated.
In the past, studies of the effects of mechanical stimuli on bone cell function in vitro have focused mainly on functions of osteoblasts, the bone-forming cells ͓5-9͔. Numerous reports in the literature provided evidence that in-vitro osteoblasts and/or transformed osteoblastic cells respond to various forms of mechanical stimuli ͑such as pressure ͓5,7,9͔, fluid shear stress ͓6͔, and deformation of substrates ͓8͔͒. Since bone homeostasis requires contributions from both osteoblasts and osteoclasts, in order to elucidate the effects of mechanical stimuli on bone homeostasis at the cellular/molecular level, it is necessary to examine the effects of similar mechanical stimuli on the two types of these bone cells.
Availability of cell culture models made possible investigations of the effects of mechanical forces on osteoclastic cells ͓10-14͔. These studies provided evidence that formation of osteoclasts from their precursors was inhibited when mouse bone marrow cells were exposed to either sustained hydrostatic pressure ͑1.37 atm͒ ͓10͔ or cyclic strain ͑5% at 0.167 Hz͒ ͓11͔ for up to six consecutive days; in addition, syntheses of nitric oxide and of prostaglandin E 2 by rat osteoclastic cells increased when these cells were exposed to fluid shear stress ͑16 dyne/cm 2 ͒ for 6 h ͓12͔. Furthermore, while osmotic membrane stretching ͑20%͒ resulted in decreased actin-ring formation ͑an index of bone resorption͒ by rat osteoclasts ͓13͔, exposure to cyclic strain ͑0.17% at 1 Hz͒ for 24 h resulted in increased bone resorption by rabbit osteoclasts ͓14͔. These literature reports provided intriguing evidence of the effects of physical stimuli on osteoclasts. To date, however, the relationships between mechanical loading and osteoclast function have not been fully explored.
It was hypothesized that cyclic loading affected osteoclast functions pertinent to bone homeostasis. For this reason, a custommade laboratory setup and rat bone marrow cells were used to investigate the effects of cyclic pressure on differentiation of osteoclasts from their precursors, on bone resorption by osteoclasts, as well as release and mRNA expression of select cytokines.
Materials and Methods
Bone Marrow Cell Culture. Bone marrow cells, a source of osteoclast-precursors, were harvested from the femurs of 14-dayold Sprague-Dawley rats according to procedures reported in the literature ͓15͔. Briefly, the femurs were excised, the epiphyses were cut off, and the marrow cavity was flushed out with Dulbecco's modified Eagle Medium ͑DMEM; Life Technologies, Long Island, NY͒, supplemented with 10% fetal bovine serum ͑FBS; Life Technologies͒ and 10 nM 1,25(OH) 2 vitamin D 3 ͑Calbio-chem, La Jolla, CA͒. Released bone marrow cells were centrifuged at 1,700ϫg for 5 min, suspended in fresh DMEM ͑contain-ing 10% FBS and 10 nM vitamin D 3 ͒, and cultured on substrates Substrates. Devitalized bone slices were prepared using methods adapted from the literature ͓16͔. Briefly, bovine cortical bone was cut into rectangular blocks ͑1 cmϫ1 cm cross section͒ and then sliced into wafers, each 200-300 m thick, using a low-speed diamond saw ͑Buehler, Evanston, IL͒. These bone wafers were cleaned by sonication in phosphate-buffered saline ͑PBS͒ at room temperature for 20 min and stored immersed in a 1:1 ethanol:PBS v:v solution at 4°C until used in experiments. Prior to experiments with cells, the bone wafers were sterilized by soaking in fresh 1% penicillin-streptomycin-Fungizone ͑Life Technologies͒ in DMEM solution ͑Life Technologies͒, three times for 20 min each time.
Borosilicate glass coverslips ͑18 mm in diameter͒ were degreased in acetone, cleaned in 70% ethanol and etched in 1N NaOH solution for 1 h. The etched coverslips were rinsed thoroughly in deionized water and, prior to experiments with cells, were sterilized by autoclaving for 20 min and dried at 120°C for 6 h.
Sterile, tissue-culture polystyrene dishes ͑60 mm in diameter; Corning, Corning, NY͒ were also used as substrates for bone marrow cell cultures.
Cyclic Pressure System. The custom-made, computeroperated cyclic pressure system ͑Fig. 1͒ used in the present study was designed, assembled, and calibrated as previously described ͓9͔. Briefly, a computer, with software specially written for this system, controlled and maintained a cyclic pressure environment inside a sealed, cast-aluminum chamber, which housed standard tissue-culture plasticware with cells. During experiments with cells, the cyclic pressure system ͑except for the computer and electronic components͒ was maintained under standard cell culture conditions, i.e., a 37°C, humidified, 5% CO 2 /95% air environment.
Cyclic Pressure Experiments.
The bone marrow cells cultured on the substrates of interest were maintained under standard, that is static, cell culture conditions for either one or seven days and then exposed to cyclic pressure in the range 10-40 kPa, minimal and maximal pressures, respectively, at 1.0 Hz frequency, with a sinusoidal wave, for 1 h daily for the next one, three, five, and seven consecutive days. Control specimens were prepared from the same batch of marrow cells and maintained under static, but otherwise similar, cell culture conditions and time periods as the specimens exposed to cyclic pressure. During these experiments culture medium was initially changed following the first seven days of culture post bone marrow harvesting and subsequently every 2 days in the following time periods.
Osteoclastic Cell Counts. In order to gain clear view of osteoclastic cells, after either 1 or 7 days of culture under static conditions and one, three, five and seven additional days of cell culture either with or without exposure to cyclic pressure ͑as described in the ''Cyclic Pressure Experiments'' section͒, nonosteoclastic cells were detached from glass coverslips using 0.5 mL of PET ͑a solution of 0.05% trypsin, 0.02% ethylene glycol-bis͑␤-aminoethyl ether͒ N,N,NЈ,NЈ-tetraacetic acid, 1% polyvinylpyrrolidone, and 18 mM N-͑2-hydroxyethyl͒ piperazine-NЈ-͑2-ethanesulfonic acid͒ buffer in 0.5% NaCl͒ at 37°C for approximately 5 min. The osteoclastic cells tenaciously adhered and thus remained onto the surface of these substrates; these cells were then rinsed with PBS and stained in situ for tartrate resistant acid phosphatase ͑TRAP͒ using a commercially available kit and following manufacturer's instructions ͑Sigma, St. Louis, MO͒. Cells exhibiting the characteristic morphology of osteoclasts ͑that is, large cells containing three or more nuclei͒ and staining positive for TRAP were identified as osteoclastic cells ͓10͔ and were counted. These data were expressed as number of osteoclastic cells per substrate ͑18-mm diameter͒.
TRAP Assay. TRAP activity in bone marrow cell lysates was determined using methods adapted from the literature ͓17͔. Briefly, cells on individual bone slices were rinsed with PBS, treated with deionized water and lysed ͑three cycles of a freezethaw treatment͒. Each cell lysate ͑collected from each bone substrate͒ was incubated with 8 mM p-nitrophenylphosphate ͑p-NPP͒ in 0.1 M sodium acetate, 5 mM ascorbic acid, 0.1% Triton X-100, and 10 mM sodium tartrate ͑pH 5.4͒ at 37°C for 30 min. Liberated p-nitrophenol was converted to p-nitrophenylate by the addition of NaOH; the concentration of p-nitrophenylate ͑an index of TRAP activity͒ was determined spectrophotometrically ͑light absorbance at 410 nm; extinction coefficient ͑͒ of 17,000 M Ϫ1 cm
Ϫ1
͒. These results were reported as the number of p-NPP molecules cleaved per minute and normalized to the amount of total protein present in each sample; total protein amounts were determined using the bicinchoninic acid assay ͑Pierce Chemical, Rockford, IL͒.
Fig. 1 Schematic diagram of the computer-operated cyclic
pressure system used in this study. A custom-made, cyclic pressure system was designed, fabricated and used to expose cultured cells to controlled cyclic pressure regimes under standard cell culture conditions "that is, a humidified, 37°C, 5% CO 2 Õ95% air environment…. During experiments, the cells were maintained under Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum and 10 nM 1,25"OH… 2 vitamin D 3 in individual wells of a tissue-culture polystyrene plate, which was placed in the sealed pressure chamber. The pressure of the gas phase above the culture medium was monitored via a pressure transducer, and was controlled by operating inlet and release solenoid valves using computer software specially written for this purpose. In this schematic diagram of the laboratory setup, the electric and pneumatic connections are designated by thin " … and thick "… lines, respectively; electrical signals and gas-flow directions are designated by thin "\… and bold "‰… arrows, respectively.
Scanning Electron Microscopy "SEM… Examination of Bone Resorption Lacunae. Following 14 days of culture ͑seven days under static conditions and seven additional days either with or without exposure to cyclic pressure͒, the surfaces of devitalized bone specimens ͑on which the bone marrow cells had been cultured͒ were examined for lacunae formed as a result of the resorptive activity of osteoclasts. Briefly, all bone marrow cells, including osteoclastic cells, were removed from the surfaces of the devitalized bone specimens by sonication in 0.25 N ammonium hydroxide for 30 min. These specimens were prepared for SEM according to established techniques ͓18͔, and were examined using a JEOL JSM T-300 scanning electron microscope equipped with a GW model 30A back-scattered electron detector. Representative sections were photographed using Polaroid type 52 instant film.
Quantification of Bone Resorption Lacunae. The boneresorptive activity of osteoclasts was quantified using methods adapted from the literature ͓16͔. Briefly, after removal of bone marrow cells, including osteoclasts, by sonication, the resorption lacunae on the surfaces of the respective bone specimens were stained with 1% toluidine blue in 1% sodium borate for 10 min. The surfaces of dried bone specimens were examined using light microscopy; segmental images ͑50-70 images/specimen͒ of the entire surface of each bone specimen were acquired using an Olympus microscope and a Hitachi video camera. These images were then analyzed for the size and shape of the resorption lacunae. The total planar surface area of the resorption lacunae on each bone slice was measured using ImagePro Plus ͑Media Cybernetics, Silver Spring, MD͒.
Assessment of Cytokine mRNA Expression. After either one or seven day of culture under static conditions and additional one, three, five, and seven days of culture either with or without exposure to cyclic pressure ͑as described in the ''Cyclic Pressure Experiments'' section͒, bone marrow cells on tissue-culture plasticware were first rinsed with PBS and then the non-osteoclastic cells were released into suspension using PET. Following centrifugation of each cell suspension at 1,700ϫg for 5 min, the resulting pellets of non-osteoclastic cells were lysed and total RNA was isolated using Trizol reagent ͑Life Technologies͒ and following manufacturer's instructions. Cytokine mRNA levels of nonosteoclastic cells were determined utilizing the RiboQuant ribonuclease protection assay system with a custom-designed probe template set specific for rat cytokines ͑Pharmingen, San Diego, CA͒ and following manufacturer's instructions as previously described ͓19͔. Briefly, 10 g of total RNA was hybridized to a 32 P labeled RNA probe at 56°C overnight. The single stranded nucleic acid was digested with ribonuclease at 30°C for 45 minutes, subjected to phenol-chloroform extraction, and resolved on a 8% denaturing polyacrylamide gel. Transcript levels were quantified on a Storm 840 PhosphorImager ͑Molecular Dynamics, Sunnyvale, CA͒. All cytokine mRNA levels were normalized to the housekeeping gene ribosomal protein L32 and were expressed in arbitrary units.
Quantification of Cytokines in Bone Marrow Cell Cultures
After either one or seven days of culture under static conditions and one, three, five, and seven additional days of cell culture either with or without exposure to cyclic pressure ͑as described in the''Cyclic Pressure Experiments'' section͒, an aliquot ͑200 L͒ of supernatant medium was collected from each bone marrow culture. Concentrations of the cytokines, IL-1␣ and IL-1␤, in these supernatant media samples were measured using commercially available immunoassay kits specific for these cytokines and following manufacturer's instructions ͑BioSource International, Camarillo, CA͒. Briefly, supernatant culture media samples were incubated in microtiter plates coated with antibodies for these cytokines at room temperature for 3 h. Cytokines, contained in either the standards or in experimental samples, bound to the antibodycoated plates were then tagged with biotinylated secondary antibody and with Streptavidin-Peroxidase. The concentration of cytokines ͑in pg/mL͒ in each sample was determined spectrophotometrically by measuring ͑at 450 nm͒ the intensity of color produced by the enzyme reaction of Streptavidin-Peroxidase with tetramethylbenzidine and using standard curves of light absorbance versus known concentrations ͑in the range of 7.8 -2000 pg/mL͒ of recombinant rat IL-1␣ and IL-1␤.
Data Analysis. The level of significance in differences between control and experimental mean values was determined by performing Student's t-tests; p-values less than 0.05 were considered statistically significant.
Results
Effects of Cyclic Pressure on Osteoclastic Cell Differentiation From Precursors. No TRAP-positive cells were detected within the bone marrow cell populations that were either maintained under control ͑static͒ conditions or exposed to cyclic pressure for one and three days. Compared to cells maintained under static conditions, there were significantly ͑pϽ0.01 and pϽ0.05͒ fewer osteoclastic cells when bone marrow cells were maintained under static conditions for 1 day and then exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 h daily for the following five and seven consecutive days, respectively ͑Fig. 2A͒. In contrast, the number of osteoclastic cells was similar when bone marrow cells were maintained under static conditions for the first seven days and then either maintained under static conditions or exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 h daily during the next one, three, five, and seven days ͑Fig. 2B͒.
Effects of Cyclic Pressure on Intracellular TRAP Activity by
Osteoclastic Cells. Since the bone marrow cells were cultured on opaque devitalized bone slices for assessment of bone resorption activity, direct, visual counting of TRAP-positive osteoclastic cells ͑using light microscopy͒ was not possible. Instead, TRAP activity of cell lysates ͑normalized by the amount total protein in each specimen͒ was used as an index for osteoclast numbers. Intracellular TRAP activity of the bone marrow cell populations was similar both in specimens that were maintained under static conditions for 14 days and in specimens that were maintained under static conditions for the first seven days and then were exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 daily for the next seven consecutive days ͑Fig. 4A͒.
Formation of Resorption Lacunae by
Osteoclasts. Scanning electron microscopy examination of the surfaces of devitalized bone specimens ͑on which bone marrow cells had been cultured͒ revealed numerous resorption lacunae formed by osteoclasts during 14 days of bone marrow cell culture under standard cell culture conditions ͑Fig. 3B͒. Compared to these controls ͑Fig. 3B͒, there were fewer resorption lacunae on the specimens that were exposed to cyclic pressure ͑Fig. 3C͒. Total planar area of the resorption lacunae ͑determined as described in the ''Quantification of Resorption Lacunae'' section͒ was significantly (p Ͻ0.05) smaller when bone marrow, containing osteoclastic cells, was exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 h daily for seven consecutive days ͑Fig. 4B͒.
Cytokine mRNA Expression by Bone Marrow Cells. Adherent, non-osteoclastic bone marrow cells ͑separated from osteoclastic cells as described in the ''Assessment of Cytokine mRNA Expression'' section͒ expressed either none or extremely small ͑less than 0.1 units͒ levels of mRNA for interleukin-1␣ ͑IL-1␣͒, interleukin-1␤ ͑IL-1␤͒, interleukin-6 ͑IL-6͒, and transforming growth factor-␤1 ͑TGF-␤1͒ when they were cultured for 1 day under static conditions and then either maintained under control conditions or exposed to cyclic pressure for 1 hour daily for the following one, three, five, and seven days ͑data not shown͒. In contrast, significant amounts of mRNA for IL-1␣, IL-1␤, IL-6, TGF-␤1 as well as tumor necrosis factor-␣, ͑TNF-␣͒ were expressed when bone marrow cells were cultured first under control
Õ Vol. 124, JUNE 2002
Transactions of the ASME ͑static͒ conditions for seven days post marrow harvesting, and then either maintained under control ͑static͒ conditions ͑Fig. 5; Lane C͒ or exposed to cyclic pressure ͑Fig. 5; Lane P͒ for the following one, three, five, and seven consecutive days. PhosphorImage ͑Molecular Dynamics͒ comparison ͑normalized by the housekeeping gene, ribosomal protein L32͒ demonstrated that mRNA expression for TGF-␤1 and IL-6 was similar in controls and in the bone marrow cells exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 h daily at all time periods tested ͑Fig. 6A-D͒. In contrast, and compared to controls, mRNA expression for IL-1␣, IL-1␤ and TNF-␣ was lower when bone marrow cells were maintained under static conditions for the first seven days ͑post marrow-harvesting͒ and then exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ for 1 h daily for the following one, three, five, and seven consecutive days ͑Figs. 6A-D͒. "supplemented with 10% fetal bovine serum and 10 À8 M 1,25"OH… 2 vitamin D 3 … in humidified, 37°C, 5% CO 2 Õ95% air environment and were either maintained under control "static… conditions for either 1 or 7 days "post marrow harvesting… and then either maintained under control conditions or exposed to cyclic pressure "10-40 kPa at 1.0 Hz frequency… for 1 hour daily for the following 1, 3, 5, and 7 consecutive days. No TRAP-positive cells were detected within the bone marrow cell populations that were either maintained under control "static… conditions or exposed to cyclic pressure for 1 and 3 days. Compared to controls "Ǣ…, significantly "**pË0.01,*pË0.05… fewer osteoclastic cells were formed when bone marrow cell populations were exposed to cyclic pressure "{… for 1 h daily for 5 and 7 consecutive days "Frame "a……. In contrast, formation of osteoclastic cells "Frame "b…… was similar when bone marrow cells were either maintained under control "static… conditions "Ǣ… for up to 14 days or maintained under control "static… conditions for the first 7 days and then exposed to cyclic pressure "{… for the next 1, 3, 5, and 7 days. Values are mean Á S.E.M.; nÄ3; **pË0.01, *pË0.05 "t-test…. Cytokine Release by Bone Marrow Cells. No IL-1␤ was detected in the supernatants of bone marrow cells maintained under control ͑static͒ conditions for up to 14 consecutive days ͑data not shown͒. Small, but similar, cumulative amounts of IL-1␣ ͑spe-cifically, 4.25Ϯ0.54 pg/mL and 4.13Ϯ1.44 pg/mL, respectively͒ were, however, measured when bone marrow cells were maintained under control ͑static͒ conditions at the end of seven consecutive day-intervals up to 14 days total ͑data not shown͒. In contrast, neither IL-1␣ nor IL-1␤ was detected in the supernatants of bone marrow cultures exposed to cyclic pressure ͑10-40 kPa at 1.0 Hz͒ for 1 h daily for up to 14 consecutive days.
Discussion
In the present study, bone marrow cell cultures were exposed to cyclic pressure ͑10-40 kPa͒ in order to simulate the pressure conditions that bone marrow cells may be subjected to in vivo. The range of pressure used was chosen by extrapolating macroscopiclevel physiological values reported in the literature for daily activities of humans. For example, during walking the hip joint of a 70-kg individual can experience a force of approximately 3800 N (ϭ5.5ϫbody weight) ͓20,21͔. When the skeleton is under loading with a force in this range the fluid pressure ͑intraosseous pressure͒ within the bone marrow in the femoral head can increase up to 28 Fig. 4 Total planar surface area of the resorption lacunae formed by osteoclasts on devitalized bone. Rat bone marrow cells were cultured on devitalized bone slices under static conditions for the first 7 days post harvesting, and were then either maintained under control "static… conditions or exposed to cyclic pressure "10-40 kPa at 1.0 Hz… for 1 hour daily for the next 7 consecutive days. Intracellular TRAP activity was similar when bone marrow cells were maintained under control "Ǣ… conditions or exposed to cyclic pressure "{… "Frame "a……. In contrast and compared to controls "Ǣ…, total planar area of these resorption lacunae was significantly "pË0.05… reduced when the bone marrow cells were exposed to cyclic pressure "{… for 1 h daily for 7 consecutive days "Frame "b……. Values are mean ÁS. E. M; nÄ3; *pË0.05 "t-test…. À8 M 1,25"OH… 2 vitamin D 3 … were maintained under static conditions for the first 7 days post harvesting and were then either maintained under control "static… conditions "C… or exposed to cyclic pressure "P… "10-40 kPa at 1.0 Hz… for 1 h daily for the next 1, 3, 5, and 7 days. This representative autoradiograph illustrates the results of the ribonuclease protection assay "performed in duplicate as described in the ''Assessment of Cytokine mRNA Expression'' section… which demonstrate that non-osteoclastic bone marrow cells expressed mRNA for interleukin-1␣ "IL-1␣…, interleukin-1␤ "IL-1␤…, interleukin-6 "IL-6…, transforming growth factor-␤1 "TGF-␤1… as well as tumor necrosis factor-␣ "TNF-␣…. Housekeeping genes: L32ÄRibosomal protein L32; GAPDHÄGlyceraldehyde-3-phosphate Dehydrogenase.
kPa (ϭ55ϫjoint load) ͓22͔. Therefore, due to the repetitive loading and unloading of the skeleton while walking and running, bone cells in vivo are subjected to cyclic pressures of similar order of magnitude as the ones ͑10-40 kPa͒ used in the present study. In addition, the cyclic pressure frequency ͑1.0 Hz͒ and duration ͑1 h͒ used in the present study were chosen because previous studies in our laboratory demonstrated that rat calvaria osteoblast responses to cyclic pressure were dependent on the frequency and duration of the applied cyclic pressure ͓9͔. The present study provides evidence that this mechanical stimulus also affects osteoclast function.
One of the important contributions of the present study was evidence that the effects of cyclic pressure on osteoclast formation were dependant on the timing of exposure of bone marrow cells to the mechanical stimulus. Specifically, and compared to controls, application of 10-40 kPa at 1.0 Hz frequency cyclic pressure ͑1 h daily for up to seven consecutive days͒ immediately ͑within 24 h͒ of bone marrow cell harvesting resulted in a lower number of osteoclastic cells ͑Fig. 2A͒; in contrast, application of the mechanical stimulus ͑for 1 h daily for up to seven consecutive days͒ following a seven-day culture period post bone marrow harvesting did not affect osteoclastic cell numbers ͑Fig. 2B͒. The results of the early loading ͑during days 1-7 post-bone marrow harvesting͒ are in agreement with findings reported in the literature that mouse bone marrow cells, exposed to either sustained hydrostatic pressure ͑ϩ0.37 atm͒ continuously for six days ͑during days 2-7 post harvesting͒ or to intermittent compressive force ͑ϩ13 kPa at 0.3 Hz͒ continuously for seven days ͑during days 1-7 post harvesting͒, exhibited significantly ͑pϽ0.0001 and pϽ0.001, respectively͒ fewer osteoclastic ͑TRAP-positive͒ cells compared to controls ͓10,23͔. Since formation of osteoclastic cells from bone marrow cells requires differentiation of mononuclear precursor cells followed by their fusion to form multinuclear cells ͓24͔, the reduced numbers of osteoclastic cells under pressure could result from either reduction in differentiation of precursor cells or from disruption in fusion of mononuclear cells. The latter possibility is supported by another study which reported that exposure of mouse bone marrow cells to continuously applied compressive pressure ͑ϩ1 atm͒ for eight consecutive days resulted in increased TRAP-positive, mononuclear cells, but in decreased TRAPpositive, multinuclear cells ͓25͔. However, the exact mechanisms by which elevated pressure conditions ͑both continuous and dynamic͒ modulate formation of multinuclear osteoclastic cells remain undetermined.
A unique contribution of the present study is evidence of significantly (pϽ0.05) lower bone resorption under cyclic pressure ͑10-40 kPa at 1.0 Hz͒ ͑Figs. 3 and 4͒ when bone marrow cells were cultured without pressure for seven days post harvesting and then exposed to cyclic pressure for the following seven days. Since similar intracellular TRAP activity in controls and in cultures exposed to cyclic pressure ͑Figure 4A͒ provided supporting evidence that cyclic pressure did not affect the number of osteoclastic cells in bone marrow cell cultures post differentiation ͑an event that occurred within the first seven day period post harvesting͒ it can be concluded that the reduced bone resorption under cyclic pressure observed in the present study ͑Figs. 3 and 4͒ was due to reduced activity ͑and not to reduced number͒ of osteoclasts under the pressure conditions.
The bone marrow cell cultures used in the present study contained, in addition to osteoclastic cells and their precursors, other nonosteoclastic cells. The decreased osteoclastic cell formation and decreased bone resorption under cyclic pressure, therefore, Fig. 6 Quantification of Cytokine mRNA of non-osteoclastic cells in bone marrow cells exposed to cyclic pressure. All bone marrow cell preparations were maintained under static conditions for 7 days post harvesting and were then either maintained under control "static… conditions or exposed to cyclic pressure for 1 h daily for the next 1 day "Frame "a……, 3 "Frame "b……, 5 "Frame "c……, and 7 consecutive days "Frame "d……. Compared to controls "᭺…, mRNA expression for TGF-␤ was not affected when bone marrow cells were either exposed to cyclic pressure "᭹… for 1 h daily during the time periods tested in the present study "Frames "a…-"d……. In contrast, IL-6 mRNA expression was lower when these cells were exposed to cyclic pressure "᭹… for 1 "Frame "a…… and 3 "Frame "b…… consecutive days, but increased when the bone marrow cells were exposed to cyclic pressure "᭹… for 5 and 7 consecutive days "Frames "c… and "d……. Moreover, compared to controls, mRNA expression for IL-1␣, IL-1␤, and TNF-␣ was lower when bone marrow cells were exposed to cyclic pressure for 1 h for 1 day "Frame "a…… and remained lower when these cells were exposed to cyclic pressure for 1 h daily for 3, 5, and 7 consecutive days "Frames "b…-"d……. The bars " … represent the mean value of two experiments.
could have resulted from either a direct effect of the mechanical stimulus on osteoclastic progenitors and mature osteoclasts or an indirect effect through other bone marrow cells present in the culture. There is evidence in the literature that soluble factors ͑such as cytokines͒ released by osteoblasts and non-osteoclastic bone marrow cells under standard cell culture conditions ͑in the absence of a mechanical stimulus͒ affect both osteoclast formation from progenitors and the bone resorption activity of mature osteoclasts in a paracrine fashion ͓26,27͔; moreover, blocking ͑e.g., using neutralizing antibodies͒ the action of cytokines, such as IL-1 and TNF-␣, resulted in decreased bone resorption both in vivo ͓28͔ and in vitro ͓29͔. In the present study, lower concentration of IL-1␣ in supernatant culture media and down-regulation of mRNA expression for IL-1␣, IL-1␤, and TNF-␣ in bone marrow cells exposed to cyclic pressure ͑Fig. 6͒ coincided with decreased osteoclast formation ͑Fig. 2͒ and decreased bone resorption activity by osteoclasts ͑Figs. 3 and 4͒. These results suggest that the effects of cyclic pressure ͑10-40 kPa at 1.0 Hz frequency͒ may be mediated by controlling production of cytokines that are necessary for activation of osteoclast progenitors and mature osteoclasts.
In summary, the present study demonstrated that exposure of rat bone marrow cells to cyclic pressure resulted in decreased formation of osteoclastic cells from progenitors and decreased bone resorptive activity by osteoclasts. Moreover, exposure of bone marrow cells to cyclic pressure resulted in reduced mRNA expression and production of select cytokines ͑known regulators of osteoclast functions͒. In addition to unique contributions to osteoclast physiology, these findings ͑together with those of an earlier report on the effects of cyclic pressure on osteoblast function ͓9͔͒ provide insight into the molecular mechanisms that may correlate mechanical loading on the skeleton and bone homeostasis.
